ABSTRACT Adult Colorado potato beetles, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), released uniformly at densities of 2, 8, 16, and 32 beetles per plant, had an emigration rate independent of initial density per plant. The overwintered (postdiapause) and summer (prediapause) adult beetles emigrated at overall mean rates of 0.403 and 0.398 beetles over the Þrst 4 h after release. The reduction in the mean percentage of released overwintered and summer beetles per plant over a period of 124 h after the initiation of the release followed an exponential decay model. Over that period, the emigration rate of overwintered populations changed faster than that of summer populations. The corresponding immigration rates into beetle-free areas (342.8 m 2 ), which surrounded the RAs (37.4 m 2 ) of the potato plots, were low. The overwintered and summer adult beetles immigrated at overall mean rates of 0.09 and 0.07 beetles over the Þrst 4 h after release. A capture-mark-releaserecapture test carried out using the eight beetles per plant density in 1998 showed that crosscontamination of the release plots was not a factor in the study.
THE COLORADO POTATO BEETLE, Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomelidae), is the most destructive insect defoliator of potatoes in Canada and the northeastern United States (Stemeroff and George 1983, Ferro and Boiteau 1993) . It has an intricate and diverse life history that is well matched to agricultural environments (Alyokhin and Ferro 1999) . The economic impact of this pest is partly caused by its rapid development of resistance to a wide range of chemical insecticides (Forgash 1988) . For these reasons, it has become increasingly difÞcult for potato growers to manage this pest. This situation has been the catalyst for an array of research activity to develop innovative approaches for managing the beetle (Ferro 1995) .
Knowledge of the dispersal behavior and residency time of adult Colorado potato beetles colonizing a Þeld is fundamental for the development of effective pest management strategies. For instance, dispersal among habitats can inßuence the efÞcacy of crop rotation, delayed planting dates, trap cropping, and the spread of resistant beetle populations in potato ecosystems (Horn 1988 , Follett et al. 1996 , Weber and Ferro 1996 . Adult beetle infestations have been observed along potato Þeld edges adjacent to overwintering sites. This suggests that the greatest densities of overwintering adult Colorado potato beetles survive along the borders of woody habitats and the following year initially colonize the Þelds adjacent to these overwintering sites (French et al. 1993 , Hunt and WhitÞeld 1996 .
The availability of food sources and the density of adult Colorado potato beetles present in a Þeld have been reported as potentially signiÞcant factors inßu-encing dispersal (Williams 1988, Voss and Ferro 1990b) . Previous research has shown that adult Colorado potato beetles respond to destruction of host plants by dispersing to alternate host plants or diapause sites Ferro 1990b, Hoy et al. 1996) . A similar response has been suggested for high beetle density (Williams 1988 , Follett et al. 1996 , although laboratory tests did not support this (Sandeson et al. 2002) .
Because Colorado potato beetles overwinter outside of Þelds, it is the movement of adult Colorado potato beetles into (i.e., immigration) potato Þelds and subsequently out of (i.e., emigration) potato Þelds that largely determines the abundance of the insect in a Þeld (French et al. 1993 , Follett et al. 1996 ) and the population spatial distribution (Martel et al. 1986 , Weisz et al. 1994 , Blom and Fleischer 2001 .
The dispersal of insect populations is frequently examined using capture-mark-release-recapture methods. These experiments involve the release of a known number of marked insects from a central point within a study plot (Smith and Wall 1998, Southwood and Henderson 2000) . In the case of the Colorado potato beetle, capture-mark-release-recapture experiments have revealed rapid dispersal of adults after release (Williams 1988 , Weber and Ferro 1994 , Follett et al. 1996 . In all cases, the rapid, initial dispersal could have been a response to many factors including crowding. None of these studies examined whether the rate of dispersion was density dependent.
The overall objective of this experiment was to determine, under Þeld conditions, if the emigration rate of adult Colorado potato beetles from a plot of potato plants or the immigration into a surrounding plot are affected by their initial density. Secondary objectives were to contrast the dispersal rates of overwintered and summer adult Colorado potato beetles and to determine the change in dispersal rate during the 5 d after release. Because these experiments were carried out with unmarked beetles, it was necessary to obtain an estimate of inter-plot movement and the contribution of the wild (nonreleased) beetles to the population in the experimental plots. This was achieved by a small scale marking study in 1998.
Materials and Methods

Collection and Marking of Adult Beetles
Adult potato beetles were collected from nonchemically treated Þelds, located at the Agriculture and Agri-Food Canada Potato Research Centre in Fredericton, New Brunswick, the afternoon before the day of each release to have a representative sample of age for the time of season. In New Brunswick, overwintered adult beetles correspond to the postdiapause population and the summer adult beetles to the only true beetle generation each year (Boiteau 2001) . Adult beetles were maintained in 2-liter ventilated containers (25 per container) with fresh, nonchemically treated potato leaves and exposed overnight to outdoor temperatures in an insectary.
In 1998, subsamples of 800 beetles (both the overwintered and summer populations) were marked using the elytral puncture method of Unruh and Chauvin (1993) the day before each release was initiated. These beetles were marked immediately after collection by puncturing hemolymph rich lacunae from the dorsal surface with a size two entomological pin. During the marking process the adult beetles were handled by scouts wearing latex gloves. For each release, a speciÞc number of punctures were made vertically along the Þrst cream-colored band on the inside area of the right elytron. For example, the Þrst mark-release-recapture test of overwintered adults had one puncture, and the second mark-release-recapture test of overwintered adults had two punctures, and this was continued throughout the season. This permitted the recaptured beetles to be matched with their speciÞc release. It took Ϸ30 Ð 60 s to mark each beetle, depending on number of punctures required. The permanent necrotic black mark developing at the puncture site does not effect their survivorship and propensity to ßy (Unruh and Chauvin 1993) . These "marked" beetles were used to estimate interplot movement as well as immigration of wild (nonreleased) beetles from surrounding Þelds into the experimental plots.
Experimental Design
Experiments were conducted at the Potato Research Centre, Fredericton, during the summers of 1997 and 1998. The research Þeld consisted of two sets of potato plots, separated by 6.1 m of open ground (Fig. 1) ). The plots (S1ÐS5) used for summer adult releases were protected from defoliation by larvae until they were required for the release of summer adults, through the application of Bacillus thuringiensis (NO-VODOR) sprays as per label instructions. Sprays were stopped two weeks before the release of summer adult beetles. Except for some feeding inhibition of adult Colorado potato beetles during the Þrst 24 h after treatment (Zehnder and Gelernter 1989) , it has been shown under Þeld conditions that B. thuringiensis (B.t.) sprays are not toxic to adults, only to larval stages (Ferro and Lyon 1991) .
The adult beetle counts in the control plots (0 beetles per plant) provided an estimate for the number of wild (nonreleased) beetles moving into experimental plots. These counts were used to correct the beetle counts taken in the release plots. There were three replications of the releases for overwintered adults and Þve replications for the summer adults releases over the duration of the study (Table 1 ). The various Colorado potato beetle densities were randomly rotated among plots for each release. This prevented excessive or uneven defoliation among plots from inßuencing dispersal rates.
Monitoring
Plots were inspected thoroughly the day before each release. Any existing larvae and adult beetles were removed from plants. The morning of each release the captured adult Colorado potato beetles were taken from the insectary and transported in coolers to the Þeld. Scouts, wearing latex gloves, individually placed adult beetles by hand on each of the 100 plants located in the center of each plot between 0430 and 0730 hours. They moved up and down rows starting on the north side of the plot and moving south. The cool morning temperatures encouraged beetles to settle on plants rather than disperse immediately in response to rising heat, sunlight, and handling.
There were 14 rows selected to be sampled (rows 2, 3, 4, 6, 8, 10, 11, 12, 13, 15, 17, 19, 20, and 21) . Within each of these rows, a plant was sampled every 120 cm for a total of 14 plants sampled per row. Plants were identiÞed by marker ßags in the RA and the surrounding BFA, respectively. In total, 20% of the plants were sampled for adult beetles within each plot. Four scouts thoroughly searched each ßagged plant. By moving up and down the rows starting on the north side of the plot and moving south, the four scouts completed sampling of plots within 2 h. Counts of beetles per plant were taken twice daily at 1000 and 1400 hours in an attempt to also measure dispersal rates over short periods of time. Because of the absence of large differences between the twice daily counts, except immediately after release, the two samples were averaged into a single daily count representing 4, 28, 52, 76, 100, and 124 h after release. Those average counts were used to calculate the rate of emigration from RA and the maximum possible rate of immigration into the surrounding BFA the Þrst 4 h after release and daily thereafter. Information on plant height, defoliation, and plant canopy were recorded three times during each release to ensure that similar plant conditions were maintained among plots.
Statistical Analysis
The normality and constant variance assumptions of the data were veriÞed using Shapiro-Wilk test for normality and OÕBrienÕs test for homogeneity of variances (SAS Institute 1990). The emigration rates from the RAs and the immigration rates in the BFAs were calculated from the ratio of beetle counts of two con- . Plots designated O1ÐO5 were used for overwintered adult releases, and plots S1ÐS5 were used for summer adult releases. secutive sampling periods subtracted from one. A zero was substituted for negative rates to indicate when no emigration from the RA took place or no immigration into the BFAs took place. Emigration and immigration rates at different densities were compared using analysis of variance (ANOVA). An exponential model was used to describe the decline of adult beetle numbers in the release and surrounding areas of the plots (Bates and Watts 1988) . In the RA, the model was y ϭ t 0 e (t,x) , where t 0 was the starting value, t 1 was the rate of decline, x represented the time periods after release when plants were sampled, and y was the mean percentage of released beetles recaptured. The model was Þtted to both overwintered adult data and summer adult data separately using nonlinear regression analysis.
The movement of beetles into the BFA was analyzed by Þrst comparing immigration rates of each density tested using ANOVA. Multiple linear regression was used to compare immigration of adult beetles for each density separately. The equation used in the analysis was y ϭ ␤ o ϩ 1 x 1 ϩ ␤ 1 x 2 ϩ 2 x 1 x 2 ϩ ␤ 2 x 2 2 ϩ 3 x 1 x 2 2 ϩ ⑀, where 1 x 1 was treatment effect, ␤ 1 x 2 was linear effect, 2 x 1 x 2 was slope comparison, ␤ 2 x 2 2 measured quadratic effect, 3 x 1 x 2 2 was the slope for quadratic portion, x 1 represented the treatments being tested (beetle densities), x 2 was time periods after release when plants were sampled, and y was the mean number of released beetles recaptured.
The suitability of using the beetle counts from the control plots as an estimate of the contribution of the wild (nonreleased) beetles to the counts in the release plots was determined by comparing the counts of unmarked beetles in the eight marked beetles per plant density treatment to the counts in the control plots (0 beetles per plant) for the 1998 releases using ANOVA. This was done for both the RA and BFA separately. In addition, the corrected data from the eight beetles per plant release-recapture of 1997 were compared with the eight beetles per plant mark-release-recapture tests of 1998 using ANOVA.
Results
Immigration and Emigration of Wild Beetles
The mean number of wild (nonreleased) potato beetles in the RAs and the BFAs of the plots was consistently Ͻ0.81 and 0.5 adult beetle per plant, respectively. The one exception was for the BFA of the 14 August 1998 release.
In the RAs, the mean counts of wild (nonreleased) overwintered adult beetles in the control plots were not signiÞcantly different from the wild (nonreleased) beetle counts in the eight marked beetles per plant density treatment plots in the majority of the sampling periods (9 of 12; Table 2 ). The mean counts of wild (nonreleased) summer adult beetles in the control plots were not signiÞcantly different from the wild beetle counts in the eight marked beetles per plant density treatment plots in the majority of the for the sampling periods (14 of 18; Table 2 ).
In the RAs, the three signiÞcant (P Ͼ 0.05) sampling periods for the overwintered beetles were 4 (F ϭ 15.99; df ϭ 1,62; P ϭ 0.0002), 28 (F ϭ 5.88; df ϭ 1,62; P ϭ 0.0182), and 52 h (F ϭ 5.07; df ϭ 1,62; P ϭ 0.0279) during the 25 June 1998 release. The four signiÞcant sampling periods for the summer beetles were 28 (F ϭ 7.55; df ϭ 1,62; P ϭ 0.0079) and 76 h (F ϭ 6.20; df ϭ 1,62; P ϭ 0.0155) for the 6 August 1998 release and 28 (F ϭ 4.62; df ϭ 1,62; P ϭ 0.0355) and 52 h (F ϭ 4.25; df ϭ 1,62; P ϭ 0.0435) for the 14 August 1998 release (Table 2) .
In the BFAs, the mean counts of wild (nonreleased) overwintered adult beetles in the control plots were not signiÞcantly different from the wild (nonreleased) beetle counts in the eight marked beetles per plant density treatment plots in the majority of the sampling periods (7 of 12; Table 3 ). The mean counts of wild (nonreleased) summer adult beetles in the control plots were not signiÞcantly different from the wild (nonreleased) beetle counts in the eight marked beetles per plant density treatment plots for 8 of the 18 sampling periods and signiÞcantly smaller for 8 of the remaining sampling periods (Table 3) . For the BFAs, the Þve signiÞcant sampling periods for overwintered adult potato beetles were 52 (F ϭ 4.31; df ϭ 1,718; P ϭ 0.0383), 76 (F ϭ 10.6; df ϭ 1,718; P ϭ 0.0012), and 124 h (F ϭ 4.56; df ϭ 1,718; P ϭ 0.0330) for the 25 June 1998 release and 4 (F ϭ 9.54; df ϭ 1,718; P ϭ 0.0021) and 28 h (F ϭ 5.96; df ϭ 1,718; P ϭ 0.0149) for the 7 July 1998 release. The 10 significant sampling periods for the summer beetles were 100 h (F ϭ 7.22; df ϭ 1,718; P ϭ 0.0074) for the 30 July 1998 release and 52 (F ϭ 17.49; df ϭ 1,718; P ϭ 0.0001), 100 (F ϭ 4.09; df ϭ 1,718; P ϭ 0.0436), and 124 h (F ϭ 8.56; df ϭ 1,718; P ϭ 0.0035) for the 6 August 1998 release. For the 14 August 1998 release, the mean number of wild (nonreleased) beetles counted per plant was signiÞcantly different for all sampling periods (Table 3) . Overall, there was a tendency for a greater number of wild (nonreleased) beetles counted in the BFA of the control plots than in the plots where "marked" overwintered or summer beetles were released.
The absence of signiÞcant differences for emigration and immigration rates between the unmarked beetles of 1997 and the marked beetles of 1998 in the eight beetles per plant density treatment suggests that there was no measurable effect of the marking technique on the 1998 results ( Table 4) .
Effect of Beetle Density on Dispersal
Emigration from the RA. Beetle density has no signiÞcant effect (P Ͼ 0.05) on emigration rates for overwintered adult potato beetles for all sampling periods (Table 5 ). The emigration rates of the summer adults were not affected by beetle density at release time except at the 0Ð4Ð and 28Ð52Ð h sampling periods, when the emigration rate for the two beetles per plant density treatment was signiÞcantly greater than the 16 and 32 beetles per plant density treatments (Table 5) .
The highest level of emigration for overwintered and summer adult beetle populations occurred within the Þrst 4 h after release and averaged 40.12 Ϯ 3.09% of the released beetles. The emigration rates of overwintered and summer adult beetles for the 4 Ð28 Ð, 28 Ð52Ð, The cumulative time period after release over which the dispersal rates were calculated. The emigration and immigration rates were very low after 100 h after time of release. Therefore, only the Þrst Þve sampling intervals were compared.
and 52Ð76 Ð h periods averaged 0.40 and 0.16, 0.47 and 0.16, and 0.24 and 0.27 respectively. The emigration rates of adult potato beetles became small and variable as they leveled off 76 h after release (not included in analysis).
An exponential decay model, y ϭ t 0 e (t,x) , where t 0 is the starting value, t 1 is the rate of decline, x is time periods (in hours) after release when plants were sampled, and y is the mean percentage of released beetles recaptured, Þt both the overwintered and summer populations adequately (equation y ϭ 84.9e (0.03x) , n ϭ 21; R 2 ϭ 0.90; P ϭ 0.0001; Fig. 2a) . The exponential decay model, y ϭ 77.9e (0.008x) , Þt the change over time of the emigration rate for summer adults (n ϭ 28; R 2 ϭ 0.63; P ϭ 0.0001; Fig. 2b ). Immigration into the BFA. The counts of overwintered and summer adults in the BFA of the experimental plots represented only a small percentage of the densities released. The immigration rates of the overwintered and summer adults was similar between density levels for most sampling periods except at 28 Ð52 h, when rates for the two and eight overwintered beetles per plant density treatments were signiÞcantly lower than at the 16 density level (Table 6 ). However, there was no signiÞcant difference in the accumulation of overwintered beetles among the three densities when the slopes of abundance in relation to time for each were analyzed (n ϭ 21, R 2 ϭ 0.7423; P ϭ 0.0911). The immigration for the 32 beetles per plant density also differed signiÞcantly from the other three density levels at the 76 Ð100 Ð h sampling interval (Table 6) . Accumulation, however, of the summer adult beetles into the BFA was not signiÞ-cantly different among densities (n ϭ 21, R 2 ϭ 0.5128; P ϭ 0.8391).
The immigration rates for overwintered and the summer beetles, regardless of the densities released, averaged 0.09 and 0.07, 0.21 and 0.13, 0.17 and 0.20, 0.13 and 0.06, and 0.38 and 0.17 for the time intervals 0 Ð 4, 4 Ð28, 28 Ð52, 52Ð76, and 76 Ð100 h after release, respectively.
Discussion
The point release of large numbers of marked Colorado potato beetles by Williams (1988) , Weber and Ferro (1994) , and Follett et al. (1996) provided important new information on dispersal ecology but no information on the effect of density itself on dispersal. This was the main objective of this study. To minimize behavioral and handling/crowding factors that could have interfered with the detection of density effects on dispersal, the experimental design included a uniform distribution of released beetles on the plants before light and temperature conditions had become favorable to dispersal. However, the operational necessity of using unmarked beetles to meet the requirements of the project made it necessary to correct the counts of released beetles for the movement into the experimental areas of wild beetles from the surrounding Þelds. Results of the 1998 mark-release-recapture test (eight beetles per plant density treatment) conÞrmed our expectations of a small wild beetle contribution to the counts of released beetles. Furthermore, the examination of the data for each release in relation to plot location indicated that the proximity to plots with high density releases did not lead to a higher number of unmarked beetles in the neighboring control plot or "marked" plot. Marked beetles were rarely found on the plants outside of the plot where they were initially released. There was a negligible level of cross-contamination between experimental plots. Elmstrom et al. (1988) , using a similar experimental design with ßea beetles, also reported little crosscontamination between plots. It seems therefore that the Colorado potato beetle population in the control plots, over the period of each test, consisted essentially of wild beetles and that the use of beetle counts in these plots to correct data in the other plots is justiÞable.
The occurrence of signiÞcantly greater counts of wild adult potato beetles in the plots with marked released beetles than in the control plots without marked beetles could indicate that interactions between beetles, such as courtship and mating, had some effect on residency time of the wild beetles and therefore on their dispersal.
The large emigration events occurring in populations of adult Colorado potato beetles have traditionally been attributed to the density of insects present and the poor quality of host plants (Williams 1988 , Hoy et al. 1996 , Smith and Wall 1998 , Noronha and Cloutier 1999 . However, the actual role and relative importance of insect density and The cumulative time period after release over which the dispersal rates were calculated. The emigration rates were very low after 100 h after time of release. Therefore, only the Þrst Þve sampling intervals were compared. host disappearance, or lack of host quality, in determining the level of dispersal activity of these insects was speculative. Results of this study showed quantitatively that the emigration of adult Colorado potato beetles is density independent even for densities as high as 16 or 32 adult beetles per plant and is similar for overwintering and summer populations. This conÞrms our laboratory observations in a Þeld setting (Sandeson et al. 2002) . Likewise, emigration was not related to host plant deterioration, because experimental plots were protected from severe defoliation. The emigration observed thus resulted from other ecological and physiological factors. It seems that the dispersal activities of the Colorado potato beetle result from the complex integration of this insectÕs propensity to walk and ßy, the response to photoperiodic changes, the dispersion of egg masses by mated females, and other factors (Voss and Ferro 1990a , Boiteau et al. 2003 .
Releases of Colorado potato beetles set up to measure recovery rates have traditionally been carried out from a central crowded location. Williams (1988) released 1,500 summer adult beetles on the ground in a host plant (eggplant) plot (44 by 44 m) and observed a disappearance rate of 68% within the Þrst 24 h after release. Follett et al. (1996) released 1,528, 1,651, and 419 overwintered adult beetles, on separate occasions, by scattering Colorado potato beetles on the bare ground (16 m 2 area) at a central location, with the potato Þelds radiating outward. The average peak emigration for the three release dates was 70.3%. Weber and Ferro (1994) released one-half of their 919 newly emerged overwintered adult beetle population into the center of a small potato Þeld (35 by 30 m), and the remainder was released into the center of a fallow Þeld (8 by 8 m). Four days after release, more adult Colorado potato beetles emigrated from the fallow Þeld (77%) than the potato Þeld (54%). In our study, despite the careful release of beetles individually on a number of plants, the mean emigration rate for overwintered and summer beetles was 40% within 4 h of release. Sandeson et al. (2002) have shown that severe crowding can actually lower dispersal activity through physical interference among beetles. However, given sufÞcient time, beetles disperse readily regardless of density and in similar proportions (Sandeson et al. 2002 ).
The population density did not have a signiÞcant effect on the emigration rates of the beetles, but populations of overwintered adult beetles declined more rapidly and were lower than the summer beetle population. Although the exponential decay model Þtted both populations, however, the disappearance of the summer population was almost linear. This is in agreement with other studies that found that overwintered beetles move more than the summer populations (Jermy et al. 1988 , Caprio and GraÞus 1990 . Different rates of dispersal by ßight at different growing season periods are not uncommon among insect species over various crops (Turchin and Thoeny 1993) .
The relatively high rate of emigration detected in this study may be partially attributed to the accumulation of ßight-ready beetles during the period of beetle collection and preparation before releases. The results do suggest, however, that the Colorado potato beetle dispersal activity is relatively high. The potato crop can serve as an arrestant for the Colorado potato beetle (Hoy et al. 1996) , but this does not prevent the Colorado potato beetle adults from leaving the potato Þelds by walking or by ßight. This movement can occur even when food is plentiful and population density is low (Jermy et al. 1988, Weber and Ferro 1994) .
The reduction in adult counts over time after the releases seemed to be primarily because of emigration and not to mortality. Because of the short duration of each experiment, no dead beetles were recovered despite the very thorough examination of plants by the scouts. This absence of dead beetles was not unexpected because of the low mortality rate for adult Colorado potato beetles (Pelletier et al. 2001 ).
The immigration rates were low, with no measurable build-up of the adult beetle population in the BFA of the plots throughout each test period. The population density had no substantial effect on the immigration rates of the beetles, and rates were similar for overwintered and summer beetle populations.
The absence of edge effect at the boundary of the RA and of the surrounding area indicates that the majority of beetles dispersed beyond the outside plot boundaries. This suggests that many of the beetles colonizing Þeld edges continue to disperse mid-to long-range distances even after locating the host crop a Means followed by the same letter on a row, within each population type, are not signiÞcantly different LSD (P Ͼ 0.05). b The cumulative time period after release over which the dispersal rates were calculated. The immigration rates were very low after 100 h after time of release. Therefore, only the Þrst Þve sampling intervals were compared.
and that only a relatively small number of the beetles spreads slowly away from the edge further into the Þeld. This was contrary to expectations for the overwintered beetles but corresponds well to the need for summer beetles to disperse to Þnd overwintering sites. Follett et al. (1996) , using mark-release-recapture methods, found that beetles can disperse at least 100 m/d by a combination of ßight and walking. found that, of the summer adult beetles that ßew during 1-h ßight mill trials, 56% of the ßights were equivalent to 10 m or less and 20% up to 100 m. The distance from the RA to the outer boundaries of the plot area was 7.1 m in our study. A combination of single or repeated ßights and walks could easily have taken the released beetles outside the potato plots over short periods of time. Further research would need to be conducted to determine if similar releases in the middle of larger potato plots would result in greater retention of beetles within the crop.
